Introduction
Random lasers (RL), in which optical gain is combined with multiple scattering of the light inside an active medium, are the subject of scientific interest due to their unusual properties and promising potential applications [1, 2, 3] . In addition, lasing in random optical materials is closely related to another fundamental problem, namely, localization of light [4] . Random lasers have been experimentally demonstrated in different three-dimensional structures; among them are neodymium-glass powders, dye-TiO 2 solutions, ZnO nano-clusters, and π-conjugated polymer films [1] . One of the characteristic drawbacks of these 3D laser configurations is their inefficient pumping, which is directly associated with light scattering in the random medium.
One can expect that the properties of such lasers depend crucially on the dimensionality of the random laser medium -three-dimensional (3D), two-dimensional (2D), or one-dimensional (1D) -and a comparison of the dependence of their lasing properties with the dimensionality can help in the understanding of the nature of these lasers. There are several of theoretical publications on lasing in 1D random media [5, 6] but, as far as we know, there is only one experimental paper on lasing in a 1D random system [7] . In that work, microscopic glass slides were immersed in Rhodamin 6G dye or intermixed with chromophore-doped plastic sheets. The random nature of this 1D structure is associated with the natural fluctuations in the thicknesses of the slides and the inter-slide distances. One of the main features of this laser configuration is that both the pump and the emission longitudinal modes have localized cavities inside the structure. When these two light distributions overlap well, the pumping of the laser mode at this frequency is quite efficient, and a fairly low RL generation threshold is observed. Similar stack structures were also analyzed theoretically and investigated experimentally in relation with 1D light localization in Refs. [8, 9, 10, 11, 12] . It should be noticed that, under real experimental conditions, such structures cannot be considered as strictly one-dimensional because of the inevitable misaligment of the slides and because of their optical imperfections.
A random fiber laser in which a suspension of rutile (TiO 2 ) particles in Rhodamine 6G solution is used to fill the hollow core of a photonic fiber was reported recently in Ref. [13] . The reduced dimensionality of the system, and the consequent concentration of the laser emission along the fiber axis, increased the efficiency of generation by at least two orders of magnitude in comparison with a similar system in bulk. The efficiency of the multimode laser emission (with up to several hundred transverse modes), would be expected to increase as the number of modes decreases.
In this paper we report experimental realization of the one-dimensional random fiber laser. Some preliminary results were presented in Ref. [15] . The laser system consists of an opticallypumped single-mode erbium-doped fiber (EDF) with an array of randomly distributed Bragg gratings (see Fig.1 ). A passive system, similar to the one used here, was investigated in Ref. [16] in connection with 1D light localization.
Rare-earth-doped fiber lasers have become quite common and there are several commercially available systems. Bragg fiber gratings [17] , on the other hand, are also quite popular; they are used widely in telecommunication WDM systems, fiber optic sensors, and represent one of the most commonly used elements for the selection of the emission wavelength, and/or the reduction of the number of generated longitudinal modes in fiber optic lasers [18, 19] . These gratings can be considered as highly dispersive reflectors.
Distributed-feedback (DFB) configurations are also widely used in fiber lasers and semiconductor lasers with single-frequency operation. In the case of fiber lasers [20, 21] , the distributed reflection occurs via regular fiber Bragg gratings recorded directly into the active part of the fiber, with typical lengths from a few millimeters to centimeters. Efficient pump absorption in such lasers can be achieved only for high dopant concentrations but, unfortunately, it is not easy to write Bragg gratings into fibers with such characteristics [14] . The result is that although this kind of single-frequency fiber laser is simple, compact, and robust, their output power is usually limited to some tens of milliwatts.
Unlike the stack system studied in [7] , the fiber configuration under investigation here is essentially one dimensional. Indeed, the fiber supports only two guided modes at the operating wavelength λ s , propagating in opposite directions inside the fiber, and the generated output light profile has, approximately, a Gaussian form. It is also important to mention that this cavity does not possess any resonance properties at the pump wavelength (λ p ≈ 980nm), i.e. the active medium can be pumped fairly uniformly and this can be done through one or both ends of the fiber.
In some ways, this configuration can be considered as a generalization of the abovementioned distributed feedback fiber lasers that contains two uniform (and, in comparison, rather short) gratings recorded in the bulk of the doped fiber. The distributed laser cavity formed by a multitude of randomly spaced Bragg gratings increments the effective length of the cavity and, in this way, improves the efficiency of the system and the frequency selection.
Fabrication and characterization of an Er-doped fiber laser with randomly distributed Bragg gratings
The optical fiber used in the experiments is a commercial Er/Ge co-doped single mode optical fiber Er305 made by INO (International Optics Institute). The core diameter is D c ≈ 6.1 μm, and the maximum absorption is about 8.2 dB/m at 1534 nm. Bragg gratings were recorded in the fiber core by exposing to the UV light from an intracavity frequency doubled Argon-ion laser (λ r = 244 nm) using a conventional mask technique [17] . The 10 mm-long mask has a spatial period of 1059. Measurements of the gratings transmission/reflection coefficients with a spectral resolution of 0.001 nm were carried out in the spectral range 1520− 1580 nm, using a tunable semiconductor laser (New Focus Velocity-6300) with a coherence length of a few meters. Typically, a single fabricated grating had a narrow reflection spectrum centered on the average Bragg wavelength λ B ≈ 1535.5 nm, with a full width at half maximum (FWHM) Δλ g of about 0.17nm. Due to the inevitable variations in some experimental parameters, like recording exposure, alignment of the mask, and fiber tension during exposure, some dispersion in the central Bragg wavelength were observed, with a maximum deviation of about 0.27 nm. The typical reflectivity of one single grating was between 7 and 8%. Examples of the reflection spectra of the recorded random arrays of seven, fourteen, twenty and thirty one gratings are presented in Fig. 2 I nt ensi t y (a. u) clarity the plots have been shifted vertically; the arrows under each curve denote the position of zero reflectivity for that curve. The spectra contain peaks whose positions change and acquire finer details as the number of gratings N is increased. The investigated fiber laser consisted of a 150 cm-long piece of Er/Ge co-doped fiber with an array of randomly spaced Bragg gratings recorded into it. In the experimental setup depicted in Fig. 1 , the fact that there are three main parts of the arrangement has been emphasized. One part, shown on the left of the figure, represents the arrangement used to measure the reflection spectrum of the grating array during the fabrication process. The central part of the figure illustrates the sample and the arrangement used to fabricate the gratings. The other part, shown on the right of the figure, is related to the laser itself and contains the optical pump and the spectrophotometer used for the analysis of the laser emission spectrum. Figure 3 shows spectra of the output emission of a RL with a cavity formed by 7 gratings, measured at different levels of relatively low pump intensities. The photoluminescence spectra shown in the two lower curves (black and red) correspond to situations below the laser threshold [22] , and were obtained with pump powers of 7.0 and 7.5 mW. The upper curve (blue) corresponds to a situation slightly above threshold and was obtained with a pump power of 10 mW. A narrow lasing line at approximately 1535.5 nm can be observed for this case. It is pertinent to mention that the photoluminescence spectra of the Er/Ge co-doped fibers differ from those of a silica fiber doped only with Er [23] . In Fig. 4 we present measurements of the emission spectra of the RL with cavities containing 7, 14, 20, and 31 randomly distributed Bragg gratings (RDBG) for two values of the pump power; 20 mW for the red curves and 40 mW for the blue curves. With these pump levels, the systems were above threshold in all cases. As an example, the output power of the RL with 31 RDBG as a function of the pump power is shown in the inset of the figure. For the measurements we used a spectrum analyzer with a resolution of 0.01 nm.
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One can see from Fig. 4 that, in general, the spectrum contains several peaks (spectral modes) in the range of interest; there are two peaks for the RL with 7 gratings and between five and seven for the case of the cavity with 20 gratings. For the laser with 7 gratings the two peaks maintain their positions and relative intensities as the pump power is increased. However, as the number of gratings in the the RL structure increases, the competition between modes induces strong fluctuations that depend on the pump power. One observes that the relative intensities of the peaks vary with the pump power, but that their spectral positions, indicated by the vertical lines, remain fixed. Concerning the spectral width of the lines, we observe that it appear to be fairly independent of the number of gratings (or at least there is no clear trend). In the inset of For pump powers well above threshold, the emission spectra were not stable, even at a fixed pump power. In the enclosed movie, we present an example of the real-time temporal evolution of the output spectrum of the RL with 31 gratings and a pump power of 40 mW. One can see that there is a continuous shifting and interchange of power between the spectral modes during the 32 seconds that last the presentation. At some moments one of the lines dominates, while at others several lines have approximately the same intensity and, in some cases, some of the lines merge. Notice that the evaluation of each spectrum by the analyser takes about 1 second, which is much shorter than the evolution of the observed fluctuations.
Discussion
The propagation of light through our array of Bragg gratings is a particular case of the more general problem of wave propagation through 1D random media. An important feature of such a system is that it can have high transparency at some special (resonance) wavelengths [24] , accompanied by the presence of "hot spots" within the cavity. This effect can be observed in the localization regime; that is, when L >> ξ , where L is the length of the system and ξ is the localization length. The latter parameter can be estimated from the characteristic, exponential decay of the average transmission as a function of the length of the array. In particular, we estimate this quantity using the expression [25] ln T /(2L) ∝ −1/ξ and, for the RDBG used in our experiments, the localization length is found to be about 6 gratings. This quantity was found from calculations based on the transfer matrix method using parameters that correspond to those of the fabricated gratings. From the length (5 mm) and typical reflectivity (R ≈ 0.08) of the fabricated gratings, which have a central wavelength λ = 1535.5 nm, we estimate that the average period of the grating is Λ = 525.72 nm, the number of periods is N = 10 4 , and the modulation of the refractive index is δ n ≈ 4 × 10 −5 .
In Fig. 6 we present a color-level plot of the mean field intensity as a function of the wavelength and position along the RDBG calculated on the basis of transfer matrix approach for one particular realization of the disorder. Multiple scattering of light inside the random system results in the localization of light of some wavelengths, and in the formation of "hot spots", i.e. regions of high field intensity. Some of these features can be observed in Fig. 6 . In such regions, the intensity of the light can be about six times higher than the intensity of the incident light. A simplified view of this complex system is obtained if one considers the two sets of random gratings, in front of and behind such a "hot spot," as a pair of "effective" reflectors that form a Fabry-Perot cavity for this particular resonance wavelength.
In Fig. 7(a) we present the calculated spatial distributions of the intensities of the light for the four wavelengths indicated by arrows in Fig. 6 . The field intensity that corresponds to the wavelength λ 4 decays exponentially along the RDBG and the transmittance of the system at this wavelength is exponentially small. The distributions that correspond to the wavelengths λ 1 , λ 2 and λ 3 have maxima ("hot spots") and the transmittance of the system at these wavelengths is close to unity. These distributions are associated with resonance modes. Notice that the halfwidth of the high intensity peaks or hot spots is about 3 gratings, which is consistent with the localization length obtained from the exponential decay of the mean transmission. This means that the spatial intensity distribution in the cavity has a width that is of the order of the localization length ξ of the grating array and is located near the middle of the random system [11] . In the figure, there are two curves that correspond to the wavelength λ 2 ; the lower curve is for an array of N = 27 gratings, and the upper one is for an array of N = 31 gratings. One can see that the intensity inside the cavity grows with the increase of the length of the array, but its shape changes only slightly.
The dependence of the maximum intensity of the resonance modes at the wavelengths λ 1 (blue), λ 2 (black), and λ 3 (green) on the number of gratings is shown in Fig. 7(b) . The gratings are sequentially added to the rear side of the array. One can see that the intensity of the light in the cavity grows with the addition of gratings and saturates when the the reflectivity of the "rear mirror" reaches its maximum value. Obviously, the reflectivity of the "front mirror" is not affected by the addition of gratings at the rear end of the system and, consequently, remains fixed.
Upon increasing the number of gratings, new resonant cavities can be formed near the middle of the complete system. The new resonance mode occurs at a wavelength that is different from that of the mode of the shorter array, but its Q factor is similar. The experimental observation that the resonance modes of the effective cavities formed in the shortest laser (with 7 gratings) are present in the lasing spectrum of the longest laser (with 31 gratings) can be understood in these terms.
The effective cavities have high quality factors and rather short lengths, of the order of the localization length. The typical FWHM of the spectral lines generated close to the threshold are about 0.02− 0.04 nm and, under our experimental conditions, we did not observe any narrowing of the lines with an increase in the pumping. The spectral width of the resonance mode can be evaluated from the solution of the dispersion relation for the modes of a cavity. The imaginary part of a complex frequency of the cavity mode is given by Δω c = c/(2n e f f a c ) ln(R f R r ), where n e f f is the effective refractive index of the cavity, a c is the length of the cavity, and R f ,r are the amplitudes of the reflection coefficients of the "front" and "rear" mirrors that form the cavity. Since the reflection amplitudes R f and R r are close to unity, we can expand the logarithm and obtain Δλ c = πλ 2 /(a c n e f f )(T f + T r ), where T f ,r are the amplitudes of the transmission coefficients of the "front" and "rear" parts of the nontransparent regions, T f ,r ≈ exp(−a f ,r /ξ ), a r, f are the lengths of the corresponding nontransparent parts [26] . Since a c is of the order of localization length ξ , for the cavity formed in the middle of the grating array we obtain a Δλ c of about 0.029 nm. This agrees with the experimental estimation of this width. The effective cavity quality factor Q = λ /Δλ c can be estimated from the calculated and experimentally obtained spectral widths. We find that for our laser Q is about 5 × 10 4 . The maximum intensity of the field in the effective cavity as a function of the number of gratings sequentially added to the rear side of the cavity. The data corresponds to the resonant modes that occur at the wavelengths λ 1 (blue), λ 2 (black), and λ 3 (green).
When optical gain is introduced into the random system, one can expect that the resonance mode with the largest Q factor starts to oscillate first. Since different cavities are localized in different regions of the fiber, and the pumping occurs from one of the end of the fiber and fills its whole length, the pump conditions of one cavity are unaffected by the other cavity. At higher pump powers, the lasing modes can shift away from the initial cavity resonance modes due to Kerr-type nonlinearities, the uneven distribution of intensity in the fiber, and locall saturation of the fiber gain. This induces the strong fluctuations observed in the lasing spectra shown in Figs. 4 and 5.
Summary and conclusions
We have implemented and studied a random 1D fiber laser. The laser consisted of an array of randomly distributed Bragg gratings recorded directly in an Er/ Ge co-doped single-mode fiber pumped at 980 nm. The output emission power of the system presents a clear lasing threshold behavior. Unlike other random lasers reported in the literature, the configuration under consideration does not have any resonance at the pumping wavelength, which permits efficient and spatially uniform pumping for all the longitudinal modes. The emission spectra of the random laser shows that at some pump levels there is a competition between several of the resonance longitudinal modes of the fiber laser random cavities, the number of which increases with the number of gratings. While the relative power of the emission spectral peaks varies among the different lines, the positions of the generated lines remain fixed. The nature of the fluctuations of the lines belonging to different cavities shows that the lengths of the cavities formed are close in their magnitudes, as are their Q factors. Even under fixed external conditions fluctuations in the output power with time were observed.
